The kinetics of the reactions of the ion SH + with CH 4 and C 2 H 2 and SiH + with C 2 H 2 and NH 3 has been investigated using selected ion flow drift tube technique, SIFDT. The reaction rate coefficients and the products branching ratio have been determined as a functions of the reactant ion/reactant neutral average centre-of-mass kinetic energy, KE CM .
I. Introduction
During the past decades, there has been considerable interest in the chemistry of the silicon and sulfur bearing compounds. Many silicon-bearing ions, their structure, thermochemistry, and their reactions with neutral molecules have been subject of a number of theoretical as well as experimental studies (see, e.g., 1 , 2 , 3 , 4 and references therein). The reactivity and structure of some sulfur-bearing ions have also been the subject of a few recent studies (see, e.g. refs 5 , 6 , 7 ). Studies of ion-molecule reactions of silicon and sulfur-bearing ions, SiH + and SH + in particular, are mostly motivated by the importance of these reactions in interstellar clouds 8 , 9 , 10 , 11 . The reactions of these ions could be also of interest to the chemist because of fundamental aspects of the chemical bonding of atoms to silicon and sulfur (e.g.
formation of bonds Si-C, Si-N, S-C etc.; see e.g., Refs. 2 , 12 , 13 , 14 ) . See also review by Bohme 15 , compilation of Anicich 16 and references therein.
Because of the low ionization potential of Si and S the reactions of silicon and sulfur bearing ions are often proceeding via formation of the long lived collision complexes. E.g., in # We dedicate this paper to memory of our dear late friend Werner Lindinger reactions of Si + with small molecules charge transfer or dissociative charge transfer are essentially excluded because of low ionization potential (only 8.15 eV). The reactions are usually proceeding by incorporating of Si + into the molecular product ion. This requires a rearrangement of existing bonds within the reactant molecule and formation of new bonds.
Probability of such processes is increasing when long-lived intermediate complex is formed.
The mechanism of such reactions is reflected in its kinetics. The increasing internal energy accumulated in a complex can lead to decrease of lifetime of this complex towards dissociation back to the reactants and eventual decrease of reaction rate coefficient. This will be reflected in a negative energy dependence of a reaction rate coefficient. In the drift tube energy brought to the reaction is given by temperature of the buffer gas and by intensity of the axial electric field. 
From this relation it is evident that if k 1 is a constant, the ratio (k -1 /k 2 ) and its dependence on KE CM governs the energy dependence of the overall reaction rate coefficient k (as long as the assumption concerning the complex formation is valid). For many ion molecule reactions k 1 is equal to the capture rate coefficient (k C ) or its fixed fraction. The assumption that intermediate complex is formed at the capture rate (k 1 = k C ) is very common in analysis of kinetics of ion-molecule interactions (e.g., in discussion of vibrational quenching by Ferguson 19 ). We will not consider here small increase of capture rate coefficient when KE CM is increasing over 1 eV (see discussion of this phenomenon in our previous work 2 ). 20 ). In order to visualize the "power law dependence" given by Eq. (3) it can be rewritten to the form:
Here k is measured quantity, and we assume that k 1 can be obtained as a limiting value of k at low KE CM The linearity of the log-log plot of (k 1 /k -1) versus KE CM then can serve as justification of our assumption that reaction proceeds via formation of intermediate complex.
Experiment
The measurements have been carried out using the Innsbruck selected ion flow drift tube (SIFDT) apparatus of conventional design (see description in Refs. 21 , 22 ). The schematic diagram of used "Innsbruck SIFDT" is shown in Figure 1 . In SIFDT were reactant ions produced in separated low-pressure electron impact ion source. Ions SH + and SiH + were produced from H 2 S and SiH 4 , respectively. The ions were mass selected in a quadrupole mass filter and injected into the flow tube via a venturi-type inlet. He at pressure 0.14-0.4 Torr was used as a buffer gas in present experiments.
In the first "thermalization" part of the drift tube a very weak electric field was maintained (E/N is typically <10Td; 1Td = 10 -17 Vcm 2 ) to keep collision energy of the ions with the buffer gas atoms below 0.1 eV. It was assumed that in this region internal excitation of injected ions is quenched. Thermalized reactant ions then enter the downstream region.
The reactant gas was introduced to this region and reacted with ions at collision energy corresponding to applied value of E/N. The relative number densities of reactant and product ions were monitored with second, down-stream, quadrupole mass spectrometer as a function of the flow rate of the added neutral reactant. Figure 2 .
Established methods of data analyses have been used to determine the reaction rate coefficients and product distributions. The accuracy of the obtained reaction rate coefficients is ± 30% as it is usual for swarm experiments of the SIFDT type.
Results and discussion
The reaction rate coefficients and the products distributions have been measured for four ion therefore it has been possible to determine both the rate coefficient and the product distribution. We observed two product ions SCH 3 + and CH 3 + with branching ratio dependent on KE CM , see Figure 3 . The reaction can be written: Figure 3 that at low energies the SCH 3 + is the dominant product (this is in agreement with thermal data of Smith et al. 25 ). With increasing KE CM the product distribution changes and at energies over 1 eV the CH 3 + is dominant. From the product distribution the partial reaction rate coefficients for both channels have been determined and are plotted in Figure 5 together with total rate coefficient (total rate coefficient is plotted by solid symbols). From Figure 5 it can be seen that only the production of SCH 3 + (exoergic by 3 kcal/mol) has negative energy dependence. 13 . This allows making a conclusion that the title reaction can be written as:
The total reaction rate coefficient k of the reaction (6) versus KE CM as measured in present experiment is plotted in Figure 6 (solid symbols), different pressures of the buffer gas (He) are indicated by different symbols. Star indicates thermal reaction rate coefficient taken from the compilation of Anicich 16 . Note that difference between thermal value and limiting value of our data at near thermal energy is less than 25%, i.e., in range of expected experimental error. k L indicate value of a collisional rate coefficient as calculated from simple Langevin theory.
Open diamonds and open triangles in Figure 6 indicate the partial reaction rate coefficients calculated from measured branching ratio and overall rate coefficient. It can be found (using e.g. ref. 26 ) that production of SC 2 H 2 + is exoergic ( H = -55.4 kcal/mol) and production of C 2 H 3 + is slightly endoergic ( H = 8.7 kcal/mol).
We assume that the production of SC 2 H 2 + ions proceeds via formation of intermediate complex (and its energy dependence of reaction rate coefficient is given by formulas (2) and (3)). We also assume that the endoergic production of C 2 H 3 + has Arrhenius type energy dependence of reaction rate coefficient given by formula:
where k a is a constant and E a is the Arrhenius activation energy. The data corresponding to the partial rate coefficient of the endoergic channel (triangles) has been fitted by the function (7) is indicated by dash-dotted line in Figure 6 . The fit yields values k a = 5.6A10 -11 cm 3 s -1 and E a = 0.19 eV. The dotted line in Figure 6 represents the fit of the partial reaction rate 
c) The reaction of SiH + with C 2 H 2
In the mass spectrum of injected "primary" ions we observed beside the primary ion ). Hence, the reaction scheme can be written as:
In Figure 8 the measured reaction rate coefficient k of the reaction (8) 
KE CM1 = 0.09 eV, k 1 = 9.6A10 -10 cm 3 s -1 .
d) The reaction of SiH + with NH 3
Similarly to the case of the reaction of SiH + with C 2 H 2 it has been very difficult to produce pure signal of the SiH + ion. As product ions were observed NH 4 + and SiNH 2 + . Due to the presence of the "parasite primary ions" (Si + , SiH 2 + and SiH 3 + ) it was not simple to determine the product distribution. However, because it is known from our previous study 2 that the reaction of the ground-state Si + ion with NH 3 yields only product SiNH 2 + in the whole energy range covered in the present study, we were able to estimate that the maximal abundance of the SiNH 2 + product ion is not exceeding 15%. The reaction of SiH + with ammonia then can be written:
The measured reaction rate coefficient, k, is plotted versus KE CM in Figure 9 
Concluding Remarks
We have investigated the energy dependencies of the reaction rate coefficients and the 
